. IL-6-induced skeletal muscle atrophy.
is observed in disease states as well as in many outwardly healthy elderly individuals. Increased plasma IL-6 is also observed after intense, prolonged exercise. In the context of skeletal muscle, IL-6 has variously been reported to regulate carbohydrate and lipid metabolism, increase satellite cell proliferation, or cause muscle wasting. In the present study, we used a rodent local infusion model to deliver modest levels of IL-6, comparable to that present after exercise or with chronic low-level inflammation in the elderly, directly into a single target muscle in vivo. The aim of this study was to examine the direct effects of IL-6 on skeletal muscle in the absence of systemic changes in this cytokine. Data included cellular and molecular markers of cytokine and growth factor signaling (phosphorylation and mRNA content) as well as measurements to detect muscle atrophy. IL-6 infusion resulted in muscle atrophy characterized by a preferential loss of myofibrillar protein (Ϫ17%). IL-6 induced a decrease in the phosphorylation of ribosomal S6 kinase (Ϫ60%) and STAT5 (Ϫ33%), whereas that of STAT3 was increased approximately twofold. The changes seen in the IL-6-infused muscles suggest alterations in the balance of growth factor-related signaling in favor of a more catabolic profile. This suggests that downregulation of growth factormediated intracellular signaling may be a mechanism contributing to the development of muscle atrophy induced by elevated IL-6. suppressor of cytokine signaling; signal transducer activator of transcription; insulin-like growth factor I; 70-kDa ribosomal S6 kinase IL-6 IS AN intercellular signaling molecule traditionally associated with the control and coordination of immune responses. With regard to skeletal muscle, the elevation of "proinflammatory" cytokines such as IL-6 is generally viewed in the context of potentially deleterious impacts. For example, there are observations that IL-6 either directly or indirectly mediates catabolic effects on skeletal muscle (23) . In a broader context, IL-6 appears to be related to growth deficits in children in several disease states (e.g., Ref. 9) and to the process of sarcopenia in the elderly (7, 26) . It seems somewhat paradoxical then that a putative positive stress, exercise, can include a significant production of proinflammatory cytokines such as IL-6 (e.g., Refs. 39, 41, 44, 49) .
Recently, some investigators have suggested that elevations in IL-6 in response to exercise may play an anti-inflammatory role, principally by inhibiting the production of TNF-␣, a prototypical inflammatory mediator (42) . In addition, IL-6 has been shown to participate in metabolic control pathways during exercise (20, 43, 48, 49) . Clearly, these roles appear to be at variance with the traditional view of IL-6 as a catabolic agent in skeletal muscle.
The growth hormone (GH)-insulin-like growth factor (IGF)-I axis is a critical mediator of skeletal muscle growth and adaptation (11, 45) . In the context of whole body growth regulation, IGF-I functions under the control of GH (45) . With regard to compensatory muscle adaptation, autocrine/paracrine IGF-I has been shown to regulate aspects of the compensatory adaptation of skeletal muscle as well as muscle growth and development (e.g., Refs. 2-5, 27, 28). We recently reported that locally (e.g., within a single muscle) elevated levels of GH can stimulate the development of skeletal muscle hypertrophy in vivo and that this response is most likely mediated by IGF-I (3).
In addition to production by immune cells, IL-6 is also synthesized by nonimmune cell types and may exert biologically significant effects on a variety of tissues, including muscle, even in the absence of overt pathological conditions (13, 20) . A number of studies have indicated that IL-6 can interfere with the GH-IGF-I axis (9, 36) . However, the mechanism of this interference has not been established.
The experiments described in this report stem from recent work indicating that there is potential for convergence of elements associated with both IL-6 and GH-IGF-I axis signaling (6, 25, 30, 31, 40, 50, 56, 57) . These common elements include signaling via the Janus kinase (JAK)-signal transducer activator of transcription (STAT) pathway (21, 30, 50) (Fig. 1) .
A critical outcome of JAK/STAT activity is the translocation of STAT to the nucleus, leading to alterations in the transcription and expression of a number of proteins. In the context of cytokine-growth factor interactions, one of the more significant changes may be alterations in the expression of members of the suppressors of cytokine signaling (SOCS) family (6, 47) . SOCS family proteins can act as the negative regulators of JAK/STAT signaling, thereby affecting STAT activity.
The working hypothesis for the present experiments was that IL-6 may interact with JAK/STAT signaling pathways, leading to changes in SOCS expression, and that this process may lead to a decrease in signaling associated with the GH and/or IGF-I receptors. Based on the literature, the potential for IL-6-mediated interference with growth factor signaling has been diagrammed in Fig. 1 . These experiments were designed to determine to what extent and how moderate physiological levels of IL-6, such as those seen after exercise, may activate or suppress signaling to produce an integrated cellular response. The overall goal of this line of research was to examine the potential for a novel role of the cytokine/growth factor interactions as they impact muscle growth and the anabolic adaptation to exercise.
METHODS
Sixteen female Sprague-Dawley rats weighing 263 Ϯ 5 g were randomly assigned to normal control (n ϭ 5), saline-infused (Sal; n ϭ 5), or IL-6 infusion (IL-6; n ϭ 6) groups. All procedures were approved by the University of California, Irvine, Institutional Animal Care and Use Committee.
Local infusion. The local infusion protocol used in this study has been described in previous publications (3, 28) . Infusion was accomplished via a catheter (0.006 in. inner diameter, Teflon, Cole-Parmer) attached to a mini-osmotic pump (Alzet model 2002, Alza). The mini-osmotic pumps were filled under aseptic conditions following the manufacturer's instructions. For catheter implantation, the rats were anesthetized with ketamine/acepromazine (80/2 mg/kg), and incisions were made in the skin overlying the tibialis anterior (TA) muscle (ϳ1.5-cm incision) and on the back (ϳ0.5-cm incision). Two small cuts (ϳ1 mm) were made in fascia of the TA muscle using iris scissors. One cut was near the proximal end of the muscle, whereas the other was distal, near the tendon. The catheter was tunneled under the fascia and secured in place with sutures (4-0 Ethicon). The proximal end of the catheter was tunneled under the skin to the back incision. The catheter was filled with the same solution as the pumps, and the distal end of the catheter was closed by tying off with 2-0 suture. The proximal end of the catheter was then mated with the osmotic pump, which had been primed by preincubation in sterile saline at 37°C. The pump was then placed under the skin via the back incision, and both incisions were closed. At the termination of the infusion protocols, the osmotic pumps were removed, and any remaining infusate was aspirated via a syringe to verify pump function.
On determination that the infusion protocol per se had no effect on skeletal muscle, the majority of the comparisons were made between the infused (IL-6) and contralateral (Contra) muscles from the same animals. The normal control and Sal animals were used to evaluate the potential for IL-6 impacts at the level of the whole animal (e.g., body mass, heart weight, plasma IL-6) and individual muscle mass. Previous work has demonstrated that the local infusion of vehicle per se does not result in changes to infused muscles (Refs. 3, 12; G. R. Adams unpublished observations). The normal control group animals did not undergo pump implantation or any surgical intervention. The Sal rats experienced the same procedures as the IL-6-infused animals, with the exception that IL-6 was excluded from the muscle infusate. The Sal group was included to reconfirm that vehicle infusion had no effect on muscle mass.
A third group of three rats was implanted for IL-6 infusion and then killed at 3 days postsurgery to evaluate the potential for short-term systemic effects of the implantation and infusion protocol.
IL-6 dose determination. The dose of IL-6 selected for this study was based on recent observations of exercise-induced IL-6 increases in humans (48) . In that study, Steensberg et al. reported that plasma IL-6 concentrations reached 22 ng/l after strenuous exercise (48) . Our interest was to determine whether similar levels of IL-6 would impact skeletal muscle homeostasis in rats. Assuming a blood volume of ϳ16 ml in ϳ250-g rats (19) , an equivalent systemic dose of IL-6 would be 0.352 ng. For this study, the concentration of IL-6 loaded in the pumps was designed to provide 0.7 pg ⅐ muscle Ϫ1 ⅐ h Ϫ1 (whole body dose scaled to TA muscle mass). Vehicle consisted of 0.9% saline. It is important to note that this IL-6 dose is many times lower than would be used for sepsis-related studies (38, 53) .
Tissue collection and analysis. Fourteen days after the implantation surgeries, rats were killed using Pentosol euthanasia solution. The TA and extensor digitorim longus muscles of both the infused and Contra leg were removed, weighed, snap frozen, and stored at Ϫ80°C for later analysis.
Muscle protein was determined from whole muscle homogenates using the biuret method (24) . Total muscle protein was calculated from the product of the concentration and the wet weight of the muscle sample recorded at death. Total myofibrillar protein was determined as previously described using a modification of the method of Solaro et al. (28, 46, 52) .
DNA determination. DNA concentration was measured in whole muscle homogenates using a fluorometric assay for the DNA binding fluorochrome bisbenzimide H-33258 (Calbiochem, San Diego, CA). Calf thymus DNA was used as a standard (34) .
Total RNA isolation. Total RNA was extracted from preweighed frozen muscle samples using the TRI Reagent (Molecular Research Center, Cincinnati, OH), according to the company's protocol, which is based on the method described by Chomczynski and Sacchi (15) . Extracted RNA was precipitated from the aqueous phase with isopropanol and, after being washed with ethanol, was dried and suspended in a known volume of nuclease-free water. The RNA concentration was determined by optical density at 260 nm (using an OD260 unit equivalent to 40 g/ml). The muscle total RNA concentration is calculated based on total RNA yield and the weight of the extracted muscle piece. The RNA samples were stored frozen at Ϫ80°C to be used subsequently in determining the specific mRNA expression using relative RT-PCR procedures.
Reverse transcription. One microgram of total RNA was reverse transcribed for each muscle sample using the SuperScript II RT from GIBCO and a mix of oligo dT (100 ng/reaction) and random primers (200 ng/reaction) in a 20-l total reaction volume at 45°C for 50 min, according to the provided protocol. At the end of the reverse transcription reaction, the tubes were heated at 90°C for 5 min to stop the reaction and then stored at Ϫ80°C until used in the PCR reactions for specific mRNA analyses. PCR. As described previously (1, 27, 28, 55) , relative RT-PCR method using 18S as internal standard (Ambion, Austin, TX) was applied to study the expression of specific mRNAs of interest, including SOCS-2, SOCS-3, Atrogin-1, MURF-1, and IGF-I. Primers were purchased from Life Technology, GIBCO. We have previously published the sequence for the IGF-I primers (27) . All other primers used are provided in Table 1 . All primers were tested for their compatibility with the alternate 18S primers.
In each PCR reaction, 18S ribosomal RNA was coamplified with the target cDNA (mRNA) to serve as an internal standard and to allow correction for differences in starting amounts of total RNA. The 18S primers were mixed with competimers at an optimized ratio that could range from 1:4 to 1:10 to bring down the 18S signal, which allows its linear amplification to the same range as the coamplified target mRNA (Ref. 10; Ambion, relative RT-PCR kit protocol).
For each specific target mRNA, the reverse transcription and PCR reactions were carried out under identical conditions using the same reagent premix for all of the samples to be compared in the study. To validate the consistency of the analysis procedures, at least one representative from each group was included in each RT-PCR run.
Amplifications were carried out in a Stratagene Robocycler with an initial denaturing step of 3 min at 96°C, followed by 25 cycles of 1 min at 96°C, 1 min at 55°C (55-60°C depending on primers), 1 min at 72°C, and a final step of 3 min at 72°C. PCR products were separated on a 2-2.5% agarose gel by electrophoresis and stained with ethidium bromide, and signal quantification was conducted by laser scanning densitometry, as reported previously (55) . In this approach, each specific mRNA signal is normalized to its corresponding 18S. For each primer set, PCR conditions (cDNA dilutions, 18S competimer/primer mix, MgCl 2 concentration, and annealing temperature) were set to optimal conditions so that both the target mRNA and 18S product yields are in the linear range of the semilog plot when the yield is expressed as a function of the number of cycles (10) .
Phosphorylation state of intracellular signaling proteins. The phosphorylation state of STAT3, STAT5, and p70-S6 kinase (S6K1) were examined by immunoblotting using phospho-specific antibodies (Cell Signaling Technology), as reported previously (1, 27) . Muscle samples were extracted by homogenization in seven volumes of ice-cold buffer A [50 mM Tris ⅐ HCl, pH 7.8, 2 mM potassium phosphate, 2 mM EDTA, 2 mM EGTA, 50 mM ␤-glycerophosphate, 10% glycerol, 1% Triton X-100, 1 mM DTT, 3 mM benzamidine, 1 mM sodium orthovanadate, 10 M leupeptin, 5 g/ml aprotinin, 200 g/ml soybean trypsin inhibitor, and 1 mM 4-(2-aminoethyl)-benzenesulphonyl fluoride] using a motor-driven glass pestle. The homogenate was immediately centrifuged at 12,000 g for 30 min at 4°C. The supernatant was immediately saved in aliquots at Ϫ80°C for subsequent use in immunoblotting. The supernatant protein concentration was determined using the Bio-Rad protein assay with BSA as standard. Approximately 50 g of supernatant proteins were subjected to SDS-PAGE, then electrophoretically transferred to a polyvinylidene difluoride membrane (Immobilon-P) using 10% methanol, 1 mM orthovanadate, 25 mM Tris, and 193 mM glycine, pH 8.3. Antibodies were detected using the enhanced chemiluminescence method of detection (Amersham). Signal intensity was determined by laserscanning densitometry (Molecular Dynamics). For each specific antibody, all samples were run under identical (previously optimized) conditions, including the transfer on the membrane, the reaction with the primary and secondary antibodies, washing conditions, enhanced chemiluminescence detection, and film exposure. If more than one gel run was required, at least one representative sample from each group was included to ensure the consistency of this analysis. In addition, a positive control, provided by the antibody manufacturer, was run on each gel to allow for normalization. For each set of Western blotting and detection conditions, the detected signal was directly proportional to the amount of protein loaded on the gel over a range of 20 -150 g (data not shown).
As reported previously, total protein levels of STAT3, STAT5, and S6K1 were assessed using nonphospho-specific immunoblots to ensure that the level of protein had not decreased to a point where it could become limiting (1, 27) . However, because these processes are highly regulated and not dependent on mass action (i.e., driven by availability of substrate), the results are expressed in terms of the change in phosphorylation state rather than a ratio of the nonphospho to total protein ratio. In some circumstances, the use of such ratio data would obscure important changes in regulatory events.
Plasma IL-6. Plasma IL-6 was measured via ELISA (R&D Systems), essentially as described previously (39) .
Statistical analysis. All values are reported as means Ϯ SE. Differences between the Contra and treatment (IL-6) muscles were determined by t-test using the PRISM software package (Graphpad). Pearson's correlation analysis was used to assess the relationship between SOCS-3 mRNA and total or myofibrillar protein content using the Prism software package. For all statistical tests, the 0.05 level of confidence was accepted for statistical significance.
RESULTS

No systemic or somatic impacts of IL-6 infusion protocol.
Fourteen days of IL-6 infusion had no effect on the body mass or the mass of the heart ( Table 2 ). The low dose and efficient clearance of IL-6 prevented systemic impacts, such that effects were limited to the target muscle since the underlying extensor digitorim longus was not affected. Compared with untreated control animals, the plasma levels of IL-6 in the local infusion rats were not different ( Table 2) . This is not a particularly surprising finding considering the low dose used in this study (e.g., 0.7 pg⅐muscle Ϫ1 ⅐h Ϫ1 , equivalent to 2.8 pg/kg body mass). Unchanged plasma IL-6 levels indicate that neither the locally infused IL-6 nor the catheter implantation per se impacted the plasma IL-6 levels.
In a separate group of three animals, IL-6 infusion was carried out for 3 days to determine whether the catheter implantation process per se resulted in short-term alterations in plasma IL-6. The plasma levels of IL-6 in this acute group were not different from those of the nontreatment control group (10.7 Ϯ 1.9 control vs. 9.6 Ϯ 3.0 pg/ml acute IL-6 infused).
Catabolic effects of local IL-6 infusion. As reported previously (3, 12), vehicle infusion had no effect on the mass, protein concentration, or protein content of rat skeletal mus- cles. For example, the protein content of the muscles was (in mg) 166.2 Ϯ 4.3, 165.8 Ϯ 3.4, and 167.1 Ϯ 3.8 for the normal control, Contra Sal, and Sal muscles, respectively. In contrast, IL-6 infusion resulted in significant atrophy of the infused TA muscles (vs. Contra), as evidenced by a 9% decrease in total protein content (168.4 Ϯ 8 vs. 152.1 Ϯ 7 mg; Fig. 2A ) and a 17% decrease in myofibrillar protein (Fig. 2B) . The underlying extensor digitorim longus muscles were unaffected by the IL-6 infused into the TA (data not shown). Intracellular signaling and elevated IL-6. Infusion IL-6 resulted in an increase in the phosphorylation state of STAT3 (Fig. 3C ) and a decrease in the phosphorylation of STAT5 (Fig.  3D) . There was no change in the total amount of STAT3 detected by immunoblot (Contra: 832 Ϯ 80 mg vs. IL-6: 726 Ϯ 95 mg). The total amount of STAT5 protein was significantly increased in the IL-6-infused muscles (Contra: 455 Ϯ 49 mg vs. IL-6: 651 Ϯ 54 mg).
Compared with the Contra muscles, IL-6 infusion resulted in a significant increase in the expression and/or accumulation of the mRNA for SOCS-3 ( Fig. 4) but had no impact on the levels of SOCS-2 mRNA detected in these muscles (0.18 Ϯ 0.015 vs. 0.18 Ϯ 0.018).
Relative to the Contra muscle, the phosphorylation of S6K1 was decreased in IL-6-infused muscles (Fig. 5) . There was no change in the total amount of S6K1 detected by immunoblot (Contra: 594 Ϯ 41 mg vs. IL-6: 647 Ϯ 48 mg).
IL-6 infusion resulted in a significant increase in the mRNA for IGF-I in the IL-6-infused muscles (Fig. 6 ).
There were no significant differences between the Contra and IL-6-infused muscles in the expression of the mRNA for Atrogin-1 (0.19 Ϯ 0.017 vs. 0.22 Ϯ 0.029, respectively) or MURF-1 (0.37 Ϯ 0.038 vs. 0.41 Ϯ 0.037, respectively).
DISCUSSION
A number of apparently contrasting roles, ranging from anabolic to catabolic and metabolic regulation, have been described for IL-6 and its interactions with skeletal muscle (7, 20, 23, 26, 42, 43, 48, 49) . The fact that elevated IL-6 can be a feature of such a wide variety of conditions, including disease, aging, and participation in intense exercise, indicates that a clear understanding of the direct effects of this cytokine on muscle is of utmost importance. To our knowledge, this is the first study to examine the effects of a relatively modest dose of IL-6 on skeletal muscle in the absence of somatic level alterations that would be expected to occur with systemic elevation of this cytokine.
IL-6-induced muscle atrophy. Although elevated IL-6 levels have often been associated with a catabolic state in skeletal muscle, most of these observations were made in the presence of complex conditions, such as sepsis, experimentally induced inflammation, or cachexia (e.g., Refs. 8, 9, 22, 35), or via greatly elevated systemic IL-6 with potential indirect effects (23, 36, 38, 53) . In the present study, we have demonstrated that, in the absence of systemic effects, IL-6 can directly induce skeletal muscle atrophy in otherwise healthy rats. Our data also indicate that IL-6 disproportionately affected the myofibrillar protein compartment, suggesting that this treatment would have meaningful functional impacts.
IL-6 intracellular signaling. Receptor-induced phosphorylation of STATs via the JAK tyrosine kinases leads to STAT activation (30) . Activated STATs dimerize and are translocated to the nucleus and participate in transcriptional regulation (30) .
The phosphorylation of STAT3, which is generally reported to be the primary STAT activated by ligation of the IL-6 receptor (6, 14, 30) , was significantly elevated in the IL-6-infused muscles (Fig. 3C) . Interestingly, the IL-6-infused muscles experienced a concomitant decrease in STAT5 phosphorylation (Fig. 3D) . In some tissues, STAT5 phosphorylation is associated with the activity of the GH receptor (16 -18, 21) . These results may represent a form of complementary inhibition. That is, increased signaling via the IL-6 receptor (STAT3) may feed back via SOCS-3 and inhibit signaling via another, possibly growth factor-related, receptor-mediated pathway (e.g, STAT5).
The increase in SOCS-3 mRNA seen in the IL-6-infused muscles is most likely a result of the increased STAT3 activity (Figs. 3C and 4 ). SOCS-3 is known to mediate downregulation of signaling via the IL-6 receptor (6). However, there are reports that SOCS-3 can feed back on JAK/STAT activity of both the GH and IGF-I receptors as well (14, 25, 36) . Based on their results in a growth-retarded, IL-6-overexpressing mouse, Lieskovska et al. (37) indicated that the observed increase in SOCS-3 mRNA suggests that SOCS-3 is the most likely agent attenuating GH signaling. Conversely, Woelfle and Rotwein (54) recently demonstrated that GH-related STAT5 signaling regulates SOCS-1 and -2 but has no effect on SOCS-3 expression.
In support of a potential mechanistic role of IL-6 signalinginduced changes in SOCS-3 in the atrophy process, there were significant negative correlations between SOCS-3 mRNA and both total and myofibrillar protein content in the muscles from this study (Fig. 7) . This suggests that the changes in SOCS-3 mRNA most likely resulted in alterations at the protein level and that this agent was modulating functionally significant processes within skeletal muscle.
Mechanisms of IL-6-mediated catabolic activity. We have recently demonstrated that increased S6K1 phosphorylation is induced by IGF-I infusion and is associated with the development of skeletal muscle hypertrophy (28) . The S6K1 protein is phosphorylated by a number of kinases, notably as part of the phosphoinositol 3-kinase signaling pathway. Phosphorylation of S6K1 is associated with an increase in translation and is known to occur with increased muscle loading, most likely subsequent to IGF-I receptor ligation (27, 28, 32) . The primary impact of S6K1 activity on translation appears to be related to increases in the translation of specific mRNAs that encode components of the translational apparatus itself (29, 51) . Relative to the Contra muscle, the phosphorylation of S6K1 was decreased in IL-6-infused muscles (Fig. 6) . A decline in S6K1 phosphorylation may indicate that one of the catabolic impacts of elevated IL-6 is a decrease in translational capacity.
In contrast to an apparent decrease in IGF-I-related signaling (i.e., phospho-S6K1), we detected a significant increase in the mRNA for IGF-I in the IL-6-infused muscles (Fig. 6 ). This most likely represents GH-independent (and therefore non-STAT5 dependent), autocrine/paracrine induction of IGF-I.
We have generally found that changes in muscle IGF-I mRNA parallel alterations in muscle IGF-I peptide levels (e.g., 
Ref. 2).
In the present context, a decrease in IGF-I-mediated signaling in conjunction with an attempt to increase autocrine/ paracrine IGF-I production might suggest that IL-6-mediated interference with downstream components related to IGF-I signaling may be stimulating an increase in IGF-I as a compensatory response.
The mRNAs for the E3-ubiquitin-protein ligases atrogin-1 and MURF-1 did not change significantly in response to IL-6 infusion. This indicates that IL-6 does not appear to mediate muscle atrophy via pretranslational modulation of these proteins.
In summary, in this study, we delivered relatively modest levels of IL-6, such as those that might be present after exercise (48) or with chronic low-level inflammation in the elderly (7, 26) , directly into a single target muscle in vivo. This dose of IL-6, which was undetectable in the systemic circulation, resulted in significant muscle atrophy. The cellular and molecular changes seen in the IL-6-infused muscles suggest that negative feedback mechanisms (SOCS) were activated, altering the balance of STAT protein phosphorylation in favor of a more catabolic profile. This suggests that downregulation of growth factor-mediated intracellular signaling may be a mechanism contributing to the development of muscle atrophy induced by chronically elevated IL-6.
